Genotoxic stress causes a reduced stability of the plant genome and has a detrimental effect on plant growth and productivity. Double-strand breaks (DSBs) are the most harmful of all DNA lesions because they cause the loss of genetic information on both strands of the DNA helix. In the presented study the coding and genomic sequences of the HvKu80 gene were determined. A mutational analysis of two fragments of HvKu80 using TILLING (Targeting Induced Local Lesions IN Genomes) allowed 12 mutations to be detected, which resulted in identification of 11 alleles. Multidirectional analyses demonstrated that the HvKu80 gene is involved in the elimination of DSBs in Hordeum vulgare. The barley mutants carrying the identified ku80.c and ku80.j alleles accumulated bleomycin-induced DSBs to a much greater extent than the parent cultivar 'Sebastian'. The altered reaction of the mutants to DSB-inducing agent and the kinetics of DNA repair in these genotypes are associated with a lower expression level of the mutated gene. The study also demonstrated the significant role of the HvKu80 gene in the regulation of telomere length in barley.
Introduction
The genomes of all organisms are constantly exposed to the deleterious effects of various physical and chemical factors that damage the DNA structure. The accumulation of these effects within cells accelerates the aging process and may lead to the development of tumours. Plants are particularly vulnerable to the detrimental effects of environmental factors that negatively affect genome stability. The lack of plant genome stability may cause abnormalities in plant development and, in the case of crop plants, yield reduction. Double-strand breaks (DSBs) pose a major threat to genome stability because if not repaired they may lead to the loss of genetic material (1, 2) . If not repaired DNA breaks, DSBs in particular, may lead to the loss of heterozygosity, deletions and translocations, which in turn may cause the initiation of programmed cell death (3, 4) . Given the serious consequences of this kind of DNA damage, it was crucial for all organisms to evolve efficient mechanisms of DNA break repair.
The main pathway of DSB repair, which is based on non-homologous recombination, is canonical non-homologous end joining (C-NHEJ). This mechanism is highly conserved among both proand eukaryotic organisms and repairs DSBs that are produced by both physical and chemical factors, but also as a result of V(D)J recombination and T-DNA integration into a genome during transformation (2, (5) (6) (7) (8) . This process is initiated by damage recognition mediated by the heterodimer Ku70/Ku80 forming a ring structure, which binds both DNA ends, brings them together and prevents their degradation (9, 10 ). This step is followed by the recruitment of DNA-PKcs (DNA-dependent protein kinase catalytic subunit) by the Ku70/Ku80 heterodimer, which promotes or restrains the access to damaged DNA ends (11) . In the next step, the DNA ends at the site of the lesion are processed by several proteins, such as the Artemis, PNKP (Polynucleotide Kinase Phosphatase), Tdt (Terminal Deoxynucleotidyl Transferase) and the γ and µ polymerases to restore the correct phospho-and hydroxyl-groups at both the 5′ and 3′ DNA ends, respectively. The C-NHEJ pathway is terminated by DNA ligation, which is mediated by various proteins, such as XRCC4/Lig IV, XLF, PARP3 [Poly(ADP-ribose) polymerase 3] and the APLF (Aprataxin and PNK-like Factor) protein (10, 12) . Key players that participate in C-NHEJ, such as Ku70, Ku80, XRCC4 and ligase IV have been identified in Arabidopsis. Mutations in the Ku70, Ku80 and LigIV genes lead to increase in sensitivity to DSB-inducing factors. Inactivation of the Ku80 protein in Arabidopsis considerably reduces the effectiveness of C-NHEJ. Until now, the orthologs of DNA-PKcs and XLF have not been identified in plants. Three genes encoding proteins similar to Artemis were identified in Arabidopsis genome, but their role in C-NHEJ was not confirmed (2) .
Furthermore the Ku70/Ku80 heterodimer is also suggested to function as a repressor of homologous recombination within telomeric sequences, which may lead to the shortening of telomeres (13) . It was established that Ku80 proteins are involved in telomere length regulation. Ku80 is proposed to play a critical role in telomere maintenance in mammalian cells (14) . In Arabidopsis involvement of the Ku80 protein in telomere length regulation was confirmed and it was proven that the atku80 mutant has longer telomeres than wild-type (15) .
Despite the fact that DNA repair pathways have been studied for many years, the molecular mechanisms that underlie these processes are far from being elucidated, especially in crop plants. Studies aimed at the characterisation of the DNA repair processes in plants have been mainly conducted in Arabidopsis and the genes and proteins that have been identified in this species may serve as queries for browsing databases in order to identify homologous sequences in other species, including crop plants, like barley, in which these mechanisms are poorly understood (16) . This strategy was followed in the presented studies in which the barley homolog of Ku80 was identified and characterised functionally using the TILLING (Targeting Induced Local Lesions IN Genomes) strategy. The mutant forms that were identified were characterised using several different approaches, including DSB quantification, and phenotyped. The obtained results confirmed the function of the identified HvKu80 gene in DSB repair in barley.
Materials and Methods

Plant material and growth conditions
Plant material for the identification of the coding and genomic sequences of the HvKu80 gene was the barley cultivar 'Sebastian'. DNA was isolated from leaves of 4-week-old plants that were grown in a greenhouse at 22°C with a photoperiod of 16/8 h and light intensity of 200 μE/m 2 s, whereas RNA was isolated from 7-day-old barley seedlings that were grown in aeroponic conditions at the same temperature and light intensity.
Mutational analysis of the HvKu80 gene using the TILLING procedure was performed on DNA that was isolated from leaves of M 2 generation plants from the HorTILLUS population. This population was developed in the Department of Genetics, the University of Silesia by chemical mutagenesis of seeds of the barley cultivar 'Sebastian'. Seeds were treated with two mutagens-sodium azide (NaN 3 ) and N-methyl-N-nitrosourea (MNU). Mutagenesis was carried out using the following doses and treatments: 1.5 mM NaN 3 /3-6 h iig (inter-incubation germination) period-0.75 mM MNU/3 h or 1.5 mM NaN 3 /3-6 h iig-0.5 mM MNU/3 h. Leaf tissues were collected for DNA isolation from 11 020 individual M 2 plants; 9669 of them were fertile.
Methods
Identification of the coding and genomic sequence of HvKu80
Arabidopsis AtKu80 (accession no. AT1G48050) was used as a query sequence to search databases in order to retrieve the putative homologous coding sequences in monocots. The rice ortholog (accession no. Os03g0856200) of AtKu80 was identified based on search of the NCBI database using BLASTN. The similarity of the Arabidopsis AtKu80 protein and the putative rice homolog was 71% and the query coverage was 99%. Both coding sequences were used to browse the following barley EST (Expressed Sequence Tags) databases: Computational Biology and Functional Genomics Laboratory (http://compbio.dfci.harvard.edu/tgi/), CR-EST: The IPK Crop EST Database (http://pgrc.ipk-gatersleben.de/cr-est/) and TIGR Plant Transcript Assemblies (http://plantta.jcvi.org/). Three barley ESTs showing significant similarity to the Ku80 coding sequences from Arabidopsis and rice, exceeding 64% of sequence identity were identified in the TIGR database: TA45101_4513, BF263277 and BI952519. These barley ESTs were used for specific primers design aimed at the identification of the HvKu80 coding sequence. The primers were designed using the Primer3 tool (http://bioinfo.ut.ee/ primer3-0.4.0/) (supplementary Table TS I, available at Mutagenesis Online).
Databases such as NCBI (www.ncbi.nlm.nih.gov/), Phytozome (http://www.phytozome.net/), Maize Sequence (maizesequence. org/) were searched using the BLASTP algorithm in order to find the orthologous sequences of HvKu80 in monocots. The identified barley HvKu80 coding sequence was in silico-translated using Jellyfish software and the predicted amino acid sequence was used as a query in this database browsing. Based on the high degree of similarity of the amino acid sequences, the following sequences were categorised as orthologous: Brachypodium dystachyon (accession no. Bradi1g01010), Oryza sativa (accession no. Os03g0856200), Sorgum bicolor (accession no. Sb01g000620) and Zea mays (accession no. GRMZM2G137968). For the identification of the HvKu80 genomic sequence, multiple alignments in ClustalO (http://www.ebi. ac.uk/Tools/msa/clustalo/) tool were used to compare the identified barley coding sequence with the orthologous genomic sequences of other cereals. The predicted borders between exons were established in the barley coding sequence based on these results. Specific PCR primers were designed, so that the forward primer was located in the region of one exon and the reverse primer was in the region of the next exon (supplementary Table TS II, available at Mutagenesis Online). Primers were designed using the Primer3 program. PCR products were sequenced in three repeats. The sequencing results were analysed and assembled in full coding and genomic sequences using the programs Chromas Lite 2.01 (Technelysium Pty Ltd) and Jellyfish.
RNA, DNA extraction and reverse transcription
Total RNA was isolated from 7-day-old barley seedlings of the cultivar 'Sebastian' grown under sterile aeroponic conditions using the TriPure Isolation reagent (Roche) according to the manufacturer's manual. RNA for real time-quantitative polymerase chain reaction (RT-qPCR) analysis was isolated from the roots of 36-h-old barley seedlings that were exposed to bleomycin treatment immediately after the treatment and after 3, 14, 24 and 48 h and from untreated seedlings at the same time points using the RNAqueous Kit (Ambion) according to the manufacturer's protocol. Based on the isolated RNA, the complementary DNA (cDNA) was synthesised using the First Strand cDNA Synthesis kit (Fermentas) according to the manufacturer's protocol. The cDNA synthesis was preceded by a treatment of 1 ng RNA with RQ1 RNase-free DNase I (Biolabs) for 30 min at 37°C to digest the DNA that was present in the sample. DNase activity was stopped by adding 1 μl STOP Solution and incubating the sample at 65°C for 10 min. DNase-treated RNA isolates were used as the templates for reverse transcription. The template for the identification of the complete genomic sequence of the HvKu80 gene was DNA that was isolated from the leaves of the barley cultivar 'Sebastian' using the 'micro C-TAB' method (17) . The concentration and purity of the isolated RNA and DNA were determined using a NanoDrop-1000 spectrophotometer. The products of PCR reactions were extracted from agarose gels using a NucleoSpin® Extract II kit (Macherey-Nagel) according to the manufacturer's protocol.
PCR and RT-qPCR
After the primers designing (supplementary Tables TS I and II, available at Mutagenesis Online), PCR conditions were optimised using the cDNA and genomic DNA as templates. The reaction for each pair of primers was carried out in a gradient of annealing temperature from 55 to 70°C in the T-Gradient thermocycler (Biometra). The PCR reaction mixture and amplification conditions are described in supplementary Tables TS III and IV, available at Mutagenesis Online.
The RT-qPCR analysis was performed in order to check expression level of the HvKu80 gene in roots of the parent variety and the identified ku80.c and ku80.j mutants. The products of reverse transcription were diluted 1:3 with water and 1.5 μl of diluted cDNA was used for RT-qPCR reactions. A Roche system, consisting of LightCycler®480 and LightCycler®480 SYBR™ Green I Master Kit, was used to determine the level of the HvKu80 gene transcription. Primers for the RT-qPCR reactions were designed using the Primer3 program (supplementary Table TS V, available at Mutagenesis Online), so that at least one primer was located at the border of two exons, which ensured the specificity of the amplification on cDNA level. The annealing temperature of the primers was 58°C. The reaction mixture and RT-qPCR conditions were described by Wójcikowska et al. (18) . Relative transcript levels were calculated and normalised to an internal control, HvARF1 encoding ADPRibosylation Factor 1-like protein (accession no. AJ508228.2). In all of the tissue samples that were analysed, the reference gene exhibited a constant transcription level with Cp = 26 ± 1. The fold change between the experimental combinations that were analysed was estimated using the ΔΔCp method (19) . RT-qPCRs were performed in three independent biological replicates for each experimental combination (genotype, time point of RNA isolation, treated/untreated) and two technical replicates of each reaction were carried out.
Mutational analysis using TILLING
Conserved regions of the HvKu80 gene were determined using the ClustalO and Coddle (Codons Optimised to Discover Deleterious Lesions; http://www.proweb.org/coddle/) tools. Protein functional domains were mapped in a sequence of the HvKu80 gene using the Pfam (http://pfam.sanger.ac.uk/) tool. Based on the results of the analysis, two fragments of the HvKu80 gene were selected for TILLING analysis. The first fragment encodes part of the N-terminal domain and the second fragment encodes the C-terminal domain and the DNA-PKcs binding domain. The sets of primers for TILLING were designed using Primer3 software. The length of the HvKu80 gene fragments that were analysed using TILLING were 569 and 651 bp long, respectively (in total 1220 bp). PCR conditions were optimised using a gradient of annealing temperatures in the T-Gradient thermocycler (Biometra) (supplementary Tables TS VI-VIII, available at Mutagenesis Online). The further procedures of the TILLING method were described by Kurowska et al. (20) .
Computational analysis of the identified mutations
The impact of the identified mutations on the amino acid sequence and the function of the HvKu80 protein was determined using various bioinformatics approaches. The presence of a mutation was detected using Chromas Lite 2.11 and Jellyfish. The predicted stability of the protein versions that were encoded by the new gene alleles was analysed using the I-Mutant 2.0 tool (http://folding.biofold.org/ i-mutant/i-mutant2.0.html). PARSESNP (Project Aligned Related Sequences and Evaluate SNPs) was used to determine the type of mutation, its location in the exon and intron sequences, any restriction sites that were created and/or lost as a result of the mutation and to calculate the PSSM values (Position-Specific Scoring Matrix). The higher the PSSM value the more significant the impact of the mutation on the function of the encoded protein. Threshold value PSSM >10 was chosen to indicate a strong influence of the mutation on the function of the encoded polypeptide (http://www.proweb. org/parsesnp/). ProtParam (http://web.expasy.org/protparam/) and Compute pI/Mw (http://web.expasy.org/compute_pi/) were used to determine the physical and chemical properties of the proteins. SAS (Sequence Annotated by Structure; https://www.ebi.ac.uk/thorntonsrv/databases/sas/) was used to predict the secondary structure of the proteins.
DSB induction by bleomycin treatment
Seeds of the identified homozygous mutants and the parent cultivar 'Sebastian' were soaked for 8 h in sterile water at 4°C and then surface-sterilised in 20% ACE solution for 15 min. In the next step, the seeds were placed in a germination system (K&K) according to the instructions supplied by the manufacturer. Seeds were stored at 4°C for 2 days to synchronise germination. After this time, the seeds were incubated at 24°C for 36 h.
Thirty-six-hour-old barley seedlings were transferred to 100 µg/ ml solution of bleomycin A5 hydrochloride (LKT Laboratories) and incubated at 37°C for 2 h. Upon the mutagenic treatment the seedlings were washed three times in sterile water for 15 min. The control material was incubated in sterile water at 37°C for 2 h. Some of the material was used for DNA, RNA and nuclei isolation immediately after the treatment. The remaining seedlings were transferred to Petri dishes lined with a double layer of moist filter paper and grew at 24°C. These seedlings were used for isolations at various time points. Ten seedlings were used for each isolation. Based on a pilot experiment, the isolations were performed at 0, 3, 14, 24 and 48 h after the bleomycin treatment. Nucleic acids were isolated from untreated material at the same time points.
Quantification of DSB using Total Lab software
The number of DSBs that were present in the plant material treated with bleomycin and in the control material was determined by the number of average length analysis (NALA) (21) . DNA was isolated from whole 36-h-old roots using the 'micro C-TAB' method with the following modifications. DNA was isolated from fresh plant material that had been triturated in liquid nitrogen to prevent nucleases activity; 5000 ng DNA was loaded into each well of the gel. For each 5 µl of DNA, 1 µl of the loading buffer GLB (gel loading buffer) was added. DNA was separated on 0.8% agarose gels in 0.5× TBE using constant field gel electrophoresis under neutral conditions at 60 V for 100 min. After electrophoresis, the gel image was captured using a ChemiDoc™XRS+ system (Bio-Rad) and densitometrically analysed using TotalLab Quant software (TotalLab Ltd). After subtracting the background and adopting the rolling ball mode, the DNA distribution in each lane of the gel was determined. Detailed protocol for the NALA using TotalLab software is available in Sutherland et al. (21) and the procedure, which was followed in this research is presented in supplementary Figure FS I, available at Mutagenesis Online. Distribution of DNA is a function of its electrophoretic mobility. The function of DNA dispersion that relates the size of the DNA molecules to their migration position was defined. The frequency (φ) of DNA breaks was calculated based on the number of average lengths according to the equation: φ = L n,+ −1 − L n,0 −1 , where L n,+ was the value of the averaged length of the material that had been treated by bleomycin and L n,0 was the value of the averaged length of the control (22) .
Determination of the number of γH2AX foci in nuclei
Nuclei were isolated from 36-h-old roots of the parent cultivar and the homozygous hvku80 mutants. The plant material was fixed in 4% paraformaldehyde in 1× PBS (phosphate-buffered saline) for 30 min at room temperature. The material was then washed in a 1× PBS buffer three times for 5 min. The fixed roots were then transferred to Petri dishes and cut into small pieces in 1× PBS. A further procedure was performed on ice. Next the 1× PBS buffer was removed and the material was incubated in a Tris buffer for 15 min. The material was transferred to new Petri dishes with 100 µl of a LB01 buffer (Lysis Buffer 01). The roots were cut with a razor blade to obtain a 'pulp'. The suspension was filtered into an eppendorf tube using a CellTrics® 30 µm (Partec) filter. The lysate was dropped onto a frosted polysine microscope slide (Thermo Scientific) and dried (23) .
Immunostaining was carried out according to a previously described protocol (24) . The Anti-phospho-H2A.X (Ser139) antibody against modified H2AX histone was used (1:100; Millipore, cat. no. 07-164). Alexa Fluor 488 Goat A (1:100; Life Technologies, cat. no. A-11008) combined with fluorochrome was applied as the secondary antibody.
DAPI and secondary antibody fluorescence were detected using an Olympus FV1000 confocal system equipped with an Olympus IX81 inverted microscope. A series of two-dimensional images of optical sections through the nuclei were collected using two separate photomultipliers (R6357, Hamamatsu, Japan). Image processing applying the Z-stack projection function was done using a dedicated application that was created specifically for this purpose. The resulting images were processed in Photoshop CS3 (Adobe). Slides were created in three independent biological replicates for each experimental combination (genotype, time point of isolation, treated/ untreated) and two technical (slides) replicates of each repetition were carried out. The signals were counted for 25 nuclei per slide. Applying the aforementioned applications the nuclei were categorised into four groups according to the number of detected γH2AX signals: <10, 11-20, 21-30 and >30.
Determination of the number of nuclei entering mutageninduced cell death pathway
In all slides prepared for γH2AX analysis the number of nuclei entering mutagen-induced cell death (MCD) was determined (supplementary Figure FS II, available at Mutagenesis Online). In all of the slides that were analysed, the number of nuclei with MCD was counted for 100 nuclei per slide.
Telomere length analysis
The measurement was based on a calculation of the relative telomere length using RT-qPCR (25) for each sample of DNA from the homozygous mutants and the parent cultivar. The difference between the sample (DNA of the homozygous mutant) and the reference DNA (DNA of parent cultivar) was expressed as the ratio T/S: where, T = number of copies of the telomeric repeat after amplification, S = number of copies of the gene that was present in the genome in a single copy after the amplification. This factor is directly proportional to the average length of the telomeres, which means that the higher the T/S ratio the longer telomeres are. The value of T/S was calculated according to the equation:
where, conc tel = the relative concentration of the DNA product obtained after amplification with telomeric primers, conc scg = relative concentration of the product that resulted from amplification with single-copy gene primers, M = homozygous mutant, Seb = cultivar 'Sebastian'. Concentrations were calculated from the standard curve that was obtained from a series of dilutions from 5 ng/ml to 10 pg/ml of DNA from the parent cultivar 'Sebastian'. The primers that were used for the telomeric DNA amplification were designed by Donà et al. (26) . The sucrose synthase gene (accession no. X65871), which is present in a single copy in the barley genome, was applied as the reference gene (supplementary Table TS IX, available at Mutagenesis Online). The LightCycler 480 real-time detection system was used under the same conditions as in the paper by Donà et al. (26) . RT-qPCR reactions were performed using DNA that was isolated from at least two independent plants for each genotype and each biological repetition was analysed in two technical replicates.
Results
Identification of the coding and genomic sequences of HvKu80 and its mutational analysis using TILLING strategy
Complete coding sequence of the HvKu80 transcript, which was 2106 bp long, was cloned. The coding region is positioned between the 1st and 2045th nucleotide of the sequence, whereas the 3′-untranslated region was 61 bp long and started at the position 2046 nt. After in silico translation, it was determined that the encoded protein consisted of 701 amino acids. Using the Pfam tool, it was confirmed that the predicted protein has a functional domains characteristic for the homologous Ku80 proteins in other organisms. The predicted barley Ku80 protein sequence is composed of four characteristic domains: N-terminal, central, C-terminal and DNAPKcs-binding domain. The barley Ku80 mRNA shared the highest identity to the homologous mRNA sequence of B. dystachyon. The similarity of the HvKu80 protein to B. dystachyon, O. sativa, S. bicolor and Z. mays orthologous Ku80 proteins exceeded 84%, which indicates a high degree of the conservation of these proteins.
The analysis confirmed that the HvKu80 gene consists of 12 exons and 11 introns with a total length of 5894 bp (Figure 1 ). The analysis with PCR reactions performed at cDNA level showed that HvKu80 gene encodes only one transcript and is not alternatively spliced. The genomic sequence of the HvKu80 gene has been published in the NCBI database (accession no. JN116588). The functional analysis of the HvKu80 gene using the TILLING method was performed on DNA that was isolated from 5376 plants of the M 2 HorTILLUS population. Two fragments of the HvKu80 gene that share a high level of conservation with the orthologous sequences from B. dystachyon, O. sativa, S. bicolor, S. italica and Z. mays were selected using the CODDLE tool. The most conserved parts of the sequence are the fragment from the fifth to the sixth exon and from the ninth to the tenth exon. The first fragment encodes part of the N-terminal domain and the second fragment encodes the C-terminal domain and DNA-PKcs-binding domain.
Characteristics of the mutations detected in the HvKu80 gene
The total number of nucleotides in both fragments of the HvKu80 gene that were analysed in 5376 M 2 plants was 6 558 720 bp. After carrying out the TILLING of these M 2 plants, 12 mutations were identified; however, the same mutation was identified in two M 2 plants (Figures 2 and 3 ; Table 1 ). Therefore, 11 alleles of the HvKu80 gene were characterised. Thus, for the HvKu80 gene in the HorTILLUS population, the frequency of mutations was 1.83/1 Mb and the density of mutations was 1/546 kb. Until now, 32 genes were analysed in HorTILLUS population and the density of mutations was 1/477 kb (data not shown). The density of mutations in the HvKu80 gene is slightly lower than in the whole population. All of the mutations were located in exons of the HvKu80 gene. Among all the previously identified mutations in the HorTILLUS population 68% was in coding regions and 32% in non-coding regions of the genes. This is due to composition of the analysed fragments (data not shown). The proportion of the coding sequence in each of the HvKu80 gene fragments that were analysed in TILLING was equal to 75%, whereas in all fragments analysed in HorTILLUS was 54% on average. Mutagens used for development of this population cause mainly G/C to A/T transitions, so similarly in the HvKu80 gene 11 mutations were induced as a result of transitions and one by transversion. Seven of the 12 were missense mutations (58%), while the other mutations were silent (42%). Majority of mutations identified in the HorTILLUS population occurring in coding sequences are missense-61% (data not shown). Among the mutations that were identified in the HvKu80 gene, five were originally in a homozygous state, while the rest were in a heterozygous state. The highest PSSM value was 9.7 for the allele ku80.a, which led to the substitution of glycine for aspartic acid. The I-Mutant 2.0 tool was used to analyse whether new variants of the HvKu80 protein have a different stability than the parental variant. The alleles ku80.a, ku80.c, ku80.f, ku80.g and ku80.j encode proteins with a reduced stability in comparison with the parental type. However, substitution of glycine for glutamic acid at position 138 (ku80.e) resulted in a predicted increase in protein stability.
The identified missense mutations were analysed in silico using the programs Compute pI/Mw and ProtParam in order to determine whether the amino acid substitutions affect the physico-chemical properties of the HvKu80 protein. In comparison to the parental variant of the HvKu80 protein, the variant proteins that were encoded by the identified alleles show a slight change in their molecular weight and in the value of the GRAVY factor. The most significant difference in the GRAVY values in relation to the parental variant show proteins that are encoded by the ku80.a and ku80.e alleles; these variants also have the lowest values of isoelectric point-6.08.
The SAS tool was used in order to determine whether the mutations that were identified affect the secondary structure of the protein. The SAS program showed changes in the secondary structure for only two variants, ku80.a and ku80.f, when compared with the parental protein. The mutations that were identified at the adjacent positions G2272A and G2271A in the ku80.a and ku80.f alleles, respectively, cause the substitution of the same amino acid residueglycine-203 (to aspartic acid and serine, respectively) and therefore cause an extension of the short alpha-helix in both variants (supplementary Figure FS III, available at Mutagenesis Online).
Several of mutations that were identified in a homozygous state have a deleterious effect on plant fitness
It was attempted to develop and propagate homozygous mutants for all of the identified HvKu80 alleles that carried mutations in the heterozygous state (Table 2) . No homozygous mutants were isolated for the alleles ku80.e, ku80.f, ku80.g and ku80.h. Plants that carried ku80.c (1314/001) allele were sterile. Plants with ku80.a, ku80.b, and ku80.i alleles produced a lower number of seeds than parent plants. It indicates that the identified mutations have an impact on fertility of the plants.
Homozygous mutants were crossed with the parent cultivar 'Sebastian' in order to remove any background mutations from the mutants' genotypes that were generated during mutagenesis. F 1 generations were obtained for 6 of the 11 new alleles. The homozygous mutations were identified in the F 2 generation for the ku80.b,  ku80.c, ku80.d, ku80.i, ku80 .j and ku80.k alleles. 
HvKu80 gene expression analysis using RT-qPCR
The aim of this study was to analyse the HvKu80 gene expression in barley roots that were untreated and those that were treated with bleomycin and to confirm the putative involvement of this gene in the repair of DSBs. The relative level of HvKu80 expression was determined in 36-h-old (after the start of germination at 24°C) roots of the barley cultivar 'Sebastian', mutants ku80.c, ku80.j (Control, C, untreated roots) in untreated material (36-h-old seedlings of barley treated with sterile water for 2 h at 37°C) and in material that was treated with bleomycin (36-h-old seedlings of barley that were treated with bleomycin for 2 h at 37°C) as well as during the next 48 h of seedling development. The analysis showed that the expression level of HvKu80 increased significantly, almost five times, immediately after the bleomycin treatment in the roots of the cultivar 'Sebastian' compared to its expression in the roots of untreated seedlings at the same time point ( Figure 4A ). This increase was maintained for 14 h after treatment, and then the level of HvKu80 expression gradually decreased. Forty-eight hours after treatment, the HvKu80 expression level was significantly lower than in the roots of the control at the same time point. This significant increase in HvKu80 expression suggests its role in the repair of the DSBs that are induced by bleomycin. Differences were also observed in the level of expression of this gene during the development of the untreated 'Sebastian' seedlings. At the 14th hour, the HvKu80 expression level was significantly lower in comparison to the level of the expression of this gene in the control roots (Control C). Differences in the HvKu80 expression level during the development of the untreated seedlings may result from the cell cycle phase. Moreover the elevated level of the HvKu80 gene expression was observed in immature inflorescence, pistil, germinating seedling and in roots of seedling (supplementary Figure FS IV, available at Mutagenesis Online).
Analysis of the HvKu80 gene expression level in the ku80.c mutant showed that there was a statistically significant reduction in the level of expression in the untreated seedlings at the 3rd and 14th hour when compared with the control roots ( Figure 4B ). After treatment with bleomycin, the ku80.c mutant showed an increase in the transcription level in the 3rd and 14th hour after treatment, whereas no significant increase in the level of expression was observed immediately upon treatment, as well as at 24 and 48 h after the treatment. The expression profile analysis of the ku80.j mutant showed 2.5-fold increase in the level of gene expression directly after treatment with the DSB-inducing factor (time 0), 1.5-fold after 3 h, >2-fold after 14 and 24 h and a 1.4-fold change 48 h after treatment. In the untreated material the gene expression level increased to an average of 1.4-fold over the 48 h of seedlings development ( Figure 4C) .
A comparison of the results that were obtained after the treatment of the parent cultivar 'Sebastian' and the ku80.c and ku80.j mutants' roots with bleomycin indicated significant differences in the expression of the HvKu80 gene between these genotypes. The level of HvKu80 expression in the ku80.c mutant immediately after treatment was significantly lower than in the parent cultivar and rapidly increased 3 h after treatment, thus suggesting a delay in gene activation. At further measurement points, the level of HvKu80 expression in this mutant was significantly lower than in the parental form, and had a similar level after 48 h of the analysis. In the comparison of the parent cultivar and the ku80.j mutant, significantly lower expression levels was observed at 0, 3 and 14 h after treatment, even though no such alteration in the expression level was observed between the untreated seedlings of both genotypes. However, there was no statistically significant difference after 24 h. The level of HvKu80 expression in the ku80.j mutant was higher than in the parental form after 48 h. Differences in the level of gene expression between the mutants were present immediately after the germination period and after the 3rd and 24th hour after the treatment with bleomycin. The significantly lower expression of the gene in the hvku80.j mutant than in parent cultivar may be explained by its lower activation that was Figure 4 . Relative HvKu80 gene expression levels in the parent cultivar 'Sebastian' (A), mutant ku80.c (B) and mutant ku80.j (C) after the treatment with bleomycin (100 µg/ml) and in the untreated material were analysed at various time points. 'C': seedlings after 36 h of growth at 24°C, '0' in the untreated material denotes 36-h-old seedlings of barley that were treated with sterile water for 2 h at 37°C, '0' in the treated material denotes 36-hold seedlings of barley that were treated with bleomycin for 2 h at 37°C. The value of the relative expression level was normalised to the standard control (HvARF1 gene, accession no. AJ508228.2). The expression level (2 −ΔΔCt ) in the untreated material was calculated relative to the control roots (C). The expression level (2 −ΔΔCt ) in the treated material was calculated relative to the untreated material at a particular time point. # Statistically significant difference vs. the control (C) (P < 0.05); *Statistically significant difference compared to the untreated material at the corresponding time point (P < 0.05).
induced by the bleomycin treatment and/or a significant delay in the activation of this gene.
Impact of mutations in the HvKu80 gene on the kinetics of DSB repair
Phenotypic analysis was performed on the homozygous mutants ku80.c (4095/001) and ku80.j, which carried missense mutations in the HvKu80 and produced 100 grains or more on average, which was sufficient for further analysis. DNA isolated from 10 seedlings of each genotype at a particular time point after bleomycin treatment were pooled in order to exclude influence of any background mutation on the studied process. In order to investigate the putative effect of the mutations in the HvKu80 gene, the number of DSBs that were induced with bleomycin was compared between the parent cultivar 'Sebastian' and the ku80.c and ku80.j mutants. The number of DSB was increasing in concentration-dependent manner in roots of the parent cultivar 'Sebastian' after bleomycin treatment ( Figure 5A and B) . A statistically significant higher number of DSBs was observed in the ku80.c mutant when compared with the parent cultivar at all of the time points that were examined ( Figure 5C ). These results indicate a higher sensitivity of this mutant than the parental form to the bleomycin treatment. However, the DNA repair kinetics was similar in both genotypes. The number of DSBs rose until the 14th hour after the treatment and then the process of DNA repair began. Forty-eight hours after treatment, approximately five DSBs per 10 kb were present in the ku80.c mutant roots; two DSBs per 10 kb were detected in whole roots of the parental form at the same time point, whereas after 14 h, there were 15 and 8 DSBs present in roots of these genotypes, respectively. The results suggested that the DSB repair process in the ku80.c mutant is less effective than in the parent cultivar 'Sebastian'. The number of DSBs at the 3rd, 14th and 24th hour after treatment was significantly lower in the roots of the ku80.j mutant than in the parent cultivar. However, at the time points 0 and 48, the number of DSBs in the mutant was significantly higher than in 'Sebastian' ( Figure 5C ). The kinetics of DSB repair in ku80.j is different from observed in the parent cultivar, which suggests that another repair pathway is involved in the elimination of lesions that occur in the mutant's DNA. The increase in the number of DSBs at the 48-h time point may indicate a lack of or reduction in the DNA repair process in the mutant. The DSB repair kinetics of both mutants showed clear differences from the corresponding process in the parent cultivar. Mutant ku80.j initially accumulated fewer DSBs than the mutant ku80.c and this tendency was maintained until the 48th hour of the analysis. However, the Figure 5 . The number of DSBs that were induced by bleomycin. Ethidium bromide-stained agarose gel visualising the induction of DSBs by bleomycin treatment in barley genomic DNA (A), concentration-dependent increase in DSB number in roots of the cultivar 'Sebastian' (B), the number of DSBs that were induced by 100 µg/ml bleomycin in the roots of the parent cultivar 'Sebastian' and the mutants ku80 after the bleomycin treatment (C). The DSB frequency was calculated for whole roots of the analysed genotypes. 'M': marker size 1 kb, 'C': measurement of DSB number was done on DNA isolated from whole roots after 36 h of growth at 24°C, '0'-treated material: measurement of DSB number was done on DNA isolated from whole 36-h-old roots of barley that were treated with bleomycin for 2 h at 37°C, *Statistically significant difference in relation to the parent cultivar 'Sebastian' (P < 0.05) at corresponding time points, # Statistically significant difference in relation to 0 µg/ml concentration of bleomycin (P < 0.05).
accumulation of DSBs in the mutant
When the number of phosphorylated histone H2AX (γH2AX) variant that occurred in the nuclei of the parent cultivar 'Sebastian' and in the mutants ku80.c and ku80.j was quantified and compared, it was observed that in the control material of the 'Sebastian' cultivar, 95.16% of the nuclei had <10 signals. Immediately after the treatment of the material with bleomycin (time point 0 h), an increase in the number of nuclei that had >10, 20 or 30 signals in comparison to the control was observed. Forty-eight hours after the treatment of the parent cultivar seedlings, an increased number of nuclei was observed that had <10 signals. An increase in the number of DSBs is also associated with the ability of bleomycin to induce the cell death process, which involves DNA fragmentation. At the 3rd, 14th, 24th and 48th hour after treatment, the nuclei entering MCD pathway that were isolated from 'Sebastian' roots constituted 1.33, 18.0, 15.67 and 5.67%, respectively. These data are consistent with results from the analysis of agarose gel images, where an increasing number of DSBs was observed until 14th hour after treatment, after which a gradual decrease was reported.
The number of nuclei with <10 signals in the untreated, control material in the ku80.c mutant was lower than in the parent cultivar at the corresponding condition, and was equal to 75.82%. This result indicates a higher level of spontaneously generated DSBs in this mutant and lower efficiency of DSB repair. An increased number of nuclei that had >10, 20 or 30 signals in comparison to the control was observed in this mutant, whereas the number of nuclei in group I remained constant at ~50%. Over 27% of the nuclei in the ku80.c mutants had >30 signals after 48 h. A greater number of MCD nuclei was also observed in this mutant than in the parent cultivar, 4.67, 30.0, 33.33 and 18.0%, at the 3rd, 14th, 24th and 48th hour after treatment, respectively ( Figure 6 ). These results indicate a defect in the DNA repair process in the mutant. The higher level of DNA damage in the ku80.c mutant is associated with the presence of both induced DSBs and DNA fragmentation that result from the initiation of the MCD process.
The number of nuclei with <10 signals in the control material in the ku80.j mutant was also lower than in the parent cultivar, and was equal to 67.07%. Similarly to ku80.c, these results suggest a persistence of spontaneously occurring DSBs in the mutant. An accumulation of DSBs was observed in the ku80.j mutant. Moreover, an increased number of nuclei that had >10, 20 or 30 signals in comparison with the control was observed at all of the time points. The number of nuclei that had >30 signals increased until the 24th hour after the treatment and reached over 36% at this time point. After 48 h only 54.06% of the nuclei with <10 signals and over 22% of the ku80.j mutant nuclei with >30 signals were observed. The mutant exhibited a greater number of nuclei on the MCD pathway in comparison to the parent cultivar at all of the time points. The MCD nuclei in the mutant occurred at the frequencies 4.67, 30.0, 33.33 and 17.33% at the analysed time points (Figure 6 ). It should be emphasised that even in untreated material percentage of nuclei with <10 signals was significantly lower in both identified mutants when compared with the parental cultivar. It suggests that there is a significant deficiency in repair of spontaneously occurring DSBs in these mutants in comparison with the parental cultivar. The increased frequency of nuclei entering the bleomycin-induced cell death pathway in the ku80.c and ku80.j mutants in comparison with the parental cultivar ( Figure 6 ) indicated that efficiency of the DSB repair in these mutants seems to be overwhelmed upon mutagenic treatment.
Seedlings of the parent cultivar 'Sebastian' and the mutants ku80.c and ku80.j showed a strong growth inhibition 48 h after the treatment (Figure 7 ). Data on mutagenic treatment effects on seedling growth were analysed based on 10 seedlings/genotype per time point per one biological replicate. It should be noted, however, that the seedlings of the untreated mutant ku80.c had shorter roots than those of the parent cultivar at the same time point. The length of 'Sebastian' main root was reduced ~38% after the treatment of seedlings with bleomycin, whereas roots of the ku80.c and ku80.j mutants were shortened by 29 and 65%, respectively. More significant disorders were observed in shoot development after the mutagenic treatment. The length of shoot of the parent cultivar was shorter by 80% after the treatment, whereas the shoot length reduction by 63 and 95% was observed in the ku80.c and ku80.j mutants, respectively.
Impact of the identified mutations on telomere length in the ku80 mutants It has been shown that the Ku80 gene in Arabidopsis is involved in the regulation of telomere length and that its mutants have longer telomeres than the wild-type (15) . Therefore, this research was aimed at determining whether the identified mutations in the HvKu80 gene influenced the length of telomeres. The telomere length of the cultivar 'Sebastian' and the ku80.c and ku80.j mutants was compared using RT-qPCR (Figure 8) . The analysis showed a statistically Figure 6 . Number of MCD nuclei after the treatment of the roots of the cultivar 'Sebastian' and the mutants ku80.c and ku80.j with bleomycin. 'C': seedlings after 36 h of growth at 24°C, '0'-treated material: 36-h-old barley seedlings that were treated with bleomycin for 2 h at 37°C; *Statistically significant difference in relation to the parent cultivar 'Sebastian' (P < 0.05) at corresponding time points.
significant difference in telomere length between the parent cultivar and the ku80.j mutant. Telomeres of the mutant were much longer than those in the parent cultivar. The result demonstrates that this allele affects the function of the encoded protein in the telomerelength control process. In contrast, no differences in telomere length were observed between 'Sebastian' and the mutant ku80.c.
Discussion
In this paper the barley gene HvKu80 was identified and functionally characterised as one of the factors that regulate DSB repair. Two mutants of the HvKu80 gene-ku80.c and ku80.j-showed defects this process. A significantly higher number of DSBs was reported upon bleomycin treatment in the root cells of the ku80.c mutant when compared with the corresponding values in the cv. 'Sebastian'. The Arabidopsis insertional mutant atku80 also showed an increased number of DSBs after γ irradiation; however, quite surprisingly the atku80 mutant showed a lower number of DSBs after mutagenic treatment with bleomycin when compared with wild-type plants (2, 6, 27) . Due to the higher number of DSBs in the barley mutant ku80.c, their repair proceeds slower, as was the case with the Arabidopsis mutant atku80 that was irradiated with γ-rays. Interestingly, in the Arabidopsis mutant atku80, in which the Ku80 gene expression is completely abolished, repair of bleomycininduced DSB is more efficient than in the wild-type plants (27) . The reported higher number of DSBs in the barley mutant ku80.c is most probably associated with a delay in the activation of the HvKu80 gene transcription. The other mutant that was identified-ku80.jshowed even more apparent abnormalities in the DSB repair process than the ku80.c mutant. In the ku80.j mutant, the accumulation of DSBs continues until the 48th hour after the mutagenic treatment. The transcription level of the HvKu80 gene in this mutant is significantly lower than in the parent cultivar 'Sebastian'. In the case of both identified ku80.c and ku80.j alleles, point mutations within the coding sequence of the HvKu80 gene led to changes in transcription level of these alleles with respect to the HvKu80 gene in the cultivar 'Sebastian'. This effect may be explained by the phenomenon described by Kudla et al. (28) , which may be referred to as 'optimal codon selection' and is based on a preference for the occurrence of one type of codon over other synonymous codons in the gene sequence. One of the explanations for the decreased transcription level of the ku80.c and ku80.j alleles is that the mutations led to the substitutions of a 'transcription-enhancing' codon by a 'transcription-silencing' codon in both alleles. Another explanation may be that mutations in these two alleles led to significant alterations in the function of proteins, which in turn caused abnormalities ku80.a, ku80.c, ku80 .j expressed by the T/S ratio, which was determined based on RT-qPCR analysis. N: value normalised to 1; *Statistically significant difference relative to the parent cultivar (P < 0.05); T/S > 1 means telomeres were longer than in the parent cultivar; T/S < 1 means telomeres shorter than in the parent cultivar.
in the DSB repair process, thus negatively influencing the HvKu80 gene expression in a feedback manner. These results seem to validate the function of the newly identified HvKu80 gene in the DSB repair pathway as the decreased transcription level of this gene in both mutants, ku80.c and ku80.j, causes an increase in the number of DSBs that are induced by bleomycin treatment when compared with the number of DSBs that are induced by this mutagen in the cultivar 'Sebastian'. The substitutions identified in the ku80.c and ku80.j mutants affect conserved amino acid residues; however, the substitutions are located outside of secondary spatial domains. The mutations' effects are correlated with relatively mild phenotype of these mutants. Based on the results of various approaches we suggest that both genotypes retain DSB repair capacity; however, reduced when compared with the wild-type variety. Despite the significant reduction of the efficiency of DSB repair in these mutants they proved to be capable to perform DSB repair.
The expression of the Ku80 gene in Arabidopsis is induced by bleomycin, methyl methanesulphonate and menadione, which validates the direct involvement of the encoded Ku80 protein in the DNA repair pathway (29, 30) . Similarly, in the present research the barley HvKu80 gene expression was also enhanced by the application of bleomycin. Moreover, the increased level of the Ku80 gene transcription in barley was correlated with the increased number of bleomycin-induced DSBs, and when the number of DSBs decreased, the transcription level of the Ku80 gene was reduced as well. The expression level of the HvKu80 gene increases at 3rd and 14th hours after the treatment, which indicates that this gene may be involved in the MCD process. Surprisingly, in research on human cell lines, the progress of apoptosis was repressed as a result of the increased expression of the Ku80 gene (31) .
It has been shown that the Ku80 protein belongs to a group of factors that are involved in the maintenance of telomere structures and in the prevention of the fusion of chromosome ends in mammalian cells (32, 33) . The regulation of the length of telomeres seems crucial for preventing recombination between them and for limiting the time that is required for the completion of DNA synthesis during the cell cycle (34) . Telomeres of the insertional mutant ku80 in Arabidopsis are longer that in the wild-type plants (15) . The barley mutant ku80.j also had longer telomeres than the cultivar 'Sebastian'. On the other hand, the length of telomeres in the ku80 mice mutants was reduced when compared with the wild-type animals. In the human cell lines in which the Ku80 gene expression was knocked down the length of telomeres was not altered (35, 36) . These results suggest that the Ku80 proteins most likely play a distinct role in the regulation of the length of telomeres in plants than in animals.
To date, the repair kinetics of DSB that are induced by chemical and physical factors has been analysed in Arabidopsis and barley. This analysis in Arabidopsis has been carried out using comet assay (27, 37) and immunolocalisation of γH2AX foci in mitotic nuclei (2) . The DSB repair kinetics in barley has been studied using comet assay (38) and electrophoresis in agarose gels (22) . The latter method was applied in the presented studies as well. Gamma rays or bleomycin have been applied as DSB-inducing factors in experiments that have been performed on Arabidopsis and barley seedlings. Upon treatment of Arabidopsis seedlings with bleomycin at a concentration 1 µg/ml, all of the DSBs that were induced were repaired within an hour. No secondary DSBs, which are produced as a result of an initiated MCD, were reported within 12 h after treatment (37) . Similar results, in which no secondary DSBs were observed, were obtained when Arabidopsis seedlings were treated with bleomycin at a concentration 50 µg/ml, although 80% of DSBs were repaired within 20 min of the treatment and the rest were repaired within an hour after the treatment (27) . The differences in the duration of DSB elimination period among different studies may be caused by different methods of kinetics analysis. In the presented paper, the rapid repair of DSBs within 3 h, which was described above, has not been reported in spring barley cv. 'Sebastian' after treatment with 100 µg/ml bleomycin. However, the differences in the results that were obtained in these two assays may be dependent on the DSBs detection technique. In the present research, barley roots that had been grown for 36 h were used as material for the analysis. At this developmental stage, the roots are composed of various cell types that are undergoing various phases of cell cycle, and therefore the comet assay was not applied in this research. It also seems that the analysis of the repair kinetics of DSBs in Arabidopsis was probably accomplished too soon (3 h after the treatment) (2, 27) or was performed with too low concentration of bleomycin to detect the initiation of the MCD process (37) . It has been shown in this research that the reported increase in the number of DSBs is associated with the initiation of the MCD process. Similar results have been achieved in assays that were carried out on the barley karyotype T-1586 in which the material for the analysis was isolated 1 and 3 h after treatment with 200 µg/ml bleomycin and an increase in the number of DSBs was reported 3 h after the treatment (38) . This tendency was associated with the DNA fragmentation that occurred at the early stages of the MCD process (22) . It was reported that 14 h after the mutagenic treatment of barley roots with bleomycin at a concentration of 100 µg/ml, 26% of the nuclei entered the MCD process. This dose of the mutagen had no effect on plant vitality; however, a reduction in the growth of the barley seedlings was reported. A similar reduction in growth was observed in Arabidopsis seedlings that had been treated with a 50 µg/ml bleomycin solution (27) . Only higher doses of DSB-inducing factors caused plant lethality. A similar interaction of the DNA repair pathways and the MCD process in the root and shoot meristematic cells of Arabidopsis thaliana after treatment for 24 h with DNA-damaging agents was reported by Fulcher and Sablowski (39) .
Conclusions
Genome stability plays a pivotal role in normal cell metabolism in all organisms. Double-strand DNA breaks pose a particular threat to genome integrity, and therefore efficient mechanisms of DSB repair are of critical importance. In the presented paper, the identification and functional analysis of the barley gene HvKu80 using the TILLING strategy is described. A multidirectional characterisation of two mutants that were identified-ku80.c and ku80.jimplied that the function of the encoded polypeptide is affected in both alleles, which results in a significant reduction of the efficiency of DSB repair as measured using various approaches. DNA DSBs accumulated in these two mutants many hours after treatment and the percentage of cells that were most severely affected in terms of the occurrence of DSB was significantly higher in these genotypes in comparison with the cultivar 'Sebastian'. These results were also reflected by the significantly higher sensitivity of the mutants to the mutagenic treatment when the seedling growth rate was measured. The transcription profile of the HvKu80 gene was determined at several time points up to 48 h after the mutagenic treatment in the mutants and in the cultivar 'Sebastian'. The transcription profile proved to be different in the genotypes that were analysed; however, the HvKu80 gene expression proved to be induced by bleomycin. Apart from the validation of the HvKu80 gene function in DSB repair, it was also reported that this protein may play a role in the regulation of telomere length in barley. These results shed light on some aspects of DSB repair in barley as a crucial mechanism in the maintenance of genome integrity; however, further studies are required for the complete elucidation of this complex process. Supplementary Tables TS I-IX and Figures FS I-IV are available 
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